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Abstract
Thermal reaction norms for growth rates of six Emiliania huxleyi isolates originating from the central Atlantic
(Azores, Portugal) and five isolates from the coastal North Atlantic (Bergen, Norway) were assessed. We used the
template mode of variation model to decompose variations in growth rates into modes of biological interest:
vertical shift, horizontal shift, and generalist–specialist variation. In line with the actual habitat conditions,
isolates from Bergen (Bergen population) grew well at lower temperatures, and isolates from the Azores (Azores
population) performed better at higher temperatures. The optimum growth temperature of the Azores population
was significantly higher than that of the Bergen population. Neutral genetic differentiation was found between
populations by microsatellite analysis. These findings indicate that E. huxleyi populations are adapted to local
temperature regimes. Next to between-population variation, we also found variation within populations.
Genotype-by-environment interactions resulted in the most pronounced phenotypic differences when isolates
were exposed to temperatures outside the range they naturally encounter. Variation in thermal reaction norms
between and within populations emphasizes the importance of using more than one isolate when studying the
consequences of global change on marine phytoplankton. Phenotypic plasticity and standing genetic variation will
be important in determining the potential of natural E. huxleyi populations to cope with global climate change.
The increase of atmospheric carbon dioxide concentra-
tions is projected to result in a global mean temperature
increase by up to 4uC until the end of this century
(Intergovernmental Panel on Climate Change 2013),
resulting in a concomitant warming of the surface ocean.
Ocean warming will affect marine organisms and likely
result in migration, adaptation, or extinction (Thomas et al.
2012; Reusch 2014; Winter et al. 2013). The coccolitho-
phore Emiliania huxleyi is the most abundant calcifying
phytoplankton species in contemporary oceans. It is
distributed from the tropics to high-latitude regions and
from midocean to inshore waters with temperature ranges
from 2uC to 28uC (McIntyre and Be´ 1967). A recent
genome study revealed large genomic differences in isolates
from several ocean regions and suggests that E. huxleyi is a
species complex that may partly explain its wide distribu-
tion range (Read et al. 2013). A wealth of studies has
focused on the effects of ocean change on growth,
calcification, and photosynthesis in E. huxleyi (Riebesell
and Tortell 2011). However, most rely on a single isolate
that is considered to be representative for the E. huxleyi
species complex. It has been argued that besides the
phenotypic variability of a single isolate, the genotypic
variability that is commonly found between different
isolates will also be important to understand responses of
natural phytoplankton populations to ocean change
(Kremp et al. 2012; Schaum et al. 2012; Tatters et al. 2013).
Various factors, such as nutrient concentrations (Fer-
na´ndez et al. 1996) or frontal boundaries formed by ocean
currents (Palumbi 1994), may drive the distribution of
phytoplankton in the oceans. As a consequence of ocean
boundaries, populations may get separated and allow local
adaptation to the respective environment (Leducq et al.
2014). Populations can adapt to their local environment
either through selection of new, beneficial mutations or
through selection on existing genetic variation (Collins et
al. 2013; Reusch 2014). High-standing genetic variation is
commonly found in phytoplankton populations (Medlin et
al. 2000; Rynearson and Armbrust 2004; Iglesias-Rodrı´-
guez et al. 2006) and likely translates into phenotypic
variability (Kremp et al. 2012; Schaum et al. 2012; Boyd et
al. 2013). Phenotypic plasticity is the ability of a genotype
to change its phenotype across environments (Bradshaw
1965) and can be assessed by the reaction norm of a
particular trait (Boyd et al. 2013; Reusch 2014). When
comparing reaction norms, a genotype-by-environment (G
3 E) interaction is evident when the phenotypic response of
a genotype varies across environments or when distinct
genotypes perform differently across these environmental
conditions (De Jong 1990). In fact, such variation among
genotypes within a population is the raw material for rapid
adaptive evolution in the face of global change (Sgro` and
Hoffmann 2004). Within a single trait, associated fitness
cannot be maximized at all environmental conditions,
which results in a trade-off (Agrawal et al. 2010). For
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example, primary productivity often cannot be maximized
at high and low temperatures at the same time, resulting in
trade-offs in thermal tolerance (Gsell et al. 2012).
Thermal reaction norms in phytoplankton have been
well studied, although often only a limited temperature
range was covered (Thomas et al. 2012). Measuring the
growth rates of 73 E. huxleyi isolates at 16uC and 26uC,
Brand (1982) concluded that low-latitude E. huxleyi
populations are adapted to higher temperature and grow
better at 26uC than those inhabiting the high-latitude
regions. Optimum growth temperatures were found to be
significantly lower for high-latitude than low-latitude E.
huxleyi isolates (Conte et al. 1998). Buitenhuis et al. (2008)
observed that E. huxleyi has a wider temperature range
than three other coccolithophores, which may be related to
its cosmopolitan distribution. However, different ocean
regions may harbor locally adapted populations with
genotypes that have very different temperature sensitivities.
In order to address this question, we investigated whether
variation in the physiological tolerance range between
genotypes from different temperature regimes is larger than
between distinct genotypes from the same location.
We assessed reaction norms over the entire temperature
tolerance range using thermal performance curves (TPC),
which describe the continuous phenotypic variation pro-
duced by a given isolate as a function of an environmental
factor (Huey and Stevenson 1979). The common shape of a
TPC is an increase in performance with increasing
temperature until reaching a maximum, followed by a
steep drop in performance (Huey and Stevenson 1979).
Huey and Kingsolver (1989) developed a model that
decomposes the variation in thermal reaction norms into
three modes of biological interest: performance as vertical
shift (h; Fig. 1A), optimal temperature as horizontal shift
of maximal performance (m; Fig. 1B), and generalist–
specialist trade-off as width (w; Fig. 1C). The template
mode of variation (TMV) model not only decomposes the
variation into predetermined modes of variation for a
particular set of thermal performance curves but also
quantifies the contributions of predicted modes of variation
(Izem and Kingsolver 2005).
In this study, we compared E. huxleyi isolates from
Bergen, Norway, and from the Azores, Portugal, at seven
temperatures ranging from 8uC to 28uC. Single-cell isolates
were raised to monoclonal populations and verified by
microsatellite markers and therefore in the following are
referred to as genotypes. We applied the TMV model to
estimate the relative importance of the three biological
modes in differentiation between populations. Further,
variations within populations were compared across
measured temperatures. Neutral genetic markers were used
to investigate gene flow between populations and popula-
tion structure. Based on our results, a possible role of
variation between and within natural E. huxleyi popula-
tions to cope with changing ocean conditions is discussed.
Methods
Cell isolation sites and culture conditions—E. huxleyi
(Lohm.) Hay and Mohler (morphotype A) genotypes 96,
Fig. 1. Three theoretical models for variation in thermal reaction norms. (A) Vertical shift model, which represents variation in
overall growth rates across all temperatures and vertical shift variation, is linear and totally explained by one principal component. (B)
Horizontal shift model, which represents variation in the location of the maximum growth rates and horizontal shift variation, is
nonlinear and not simply explained by one principal component. (C) Generalist–specialist model, which represents variation in the width
of the growth rates curves and trade-off between width and maximal growth rates. Generalist–specialist variation is also nonlinear and
totally explained by three principal components.
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85, 75, 73, 63, 62, 51, 42, 41, and 17 were isolated by K. T.
Lohbeck from the Raunefjord, southwest of Bergen
(60u189N, 05u159E), in May 2009, and E. huxleyi genotypes
M23, M22, M21, M19, M17, M16, M13, M10, M8, and
M7 were isolated by S. L. Eggers near Faial, at the Azores
(38u349N, 28u429W), in May or June 2010. Sea surface
temperatures (SST) range from 6.0uC to 16.0uC off Bergen
(Locarnini et al. 2006; Samuelsen 1970) and from 15.6uC to
22.3uC at the Azores (Wisshak et al. 2010; Table 1). Stock
cultures were kept at 15uC in 50 mL tissue culture flasks
(Sarstedt) with ventilation caps. The cultures were grown in
monoclonal, nonaxenic populations. Regularly performed
automated cell counts and microscopic inspections verified
that no significant bacterial fraction was present.
Artificial seawater (ASW) was prepared according to
Kester et al. (1967), but with the addition of 2380 mmol kg21
bicarbonate (Merck), resulting in initial concentrations
of 2380 mmol kg21 total alkalinity (TA) and dissolved
inorganic carbon (DIC) at a salinity of 35. ASW was
enriched with 64 mmol kg21 nitrate (NO{3 ), 4 mmol kg
21
phosphate (PO3{4 ), f/8 concentrations for trace metals and
vitamins (Guillard and Ryther 1962), 10 nmol kg21 SeO2
(Danbara and Shiraiwa 1999), and 2 mL kg21 of sterile
filtered (0.2 mm pore size, Sartobran P 300, Sartorius)
North Sea water to prevent possible trace metal limitation
during culturing. Enriched ASW was aerated with sterile
ambient air (0.2 mm pore size, Midisart 2000 PTFE,
Sartorius) with about 40 Pa (< 400 matm) partial pressure
of CO2 (PCO2) for 48 h at each temperature in a
temperature-controlled incubation chamber (Rumed Ru-
barth Apparate GmbH). The dry air was humidified with
Mill-Q water before aeration of the ASW to minimize
evaporation. A 10 liter polycarbonate bottle was covered
with insulation foil to minimize temperature exchange
during filling of the culture flasks at room temperature.
After aeration, the ASW medium was sterilized by gentle
pressure filtration (0.2 mm pore size, Sartobran P 300) and
carefully pumped into autoclaved 310 mL Duran square
flasks (Schott). The flasks were filled with ASW medium
leaving a minimum headspace of , 1% to minimize gas
exchange. The culture flasks were stored at treatment
temperature until inoculation. Experimental cultures were
kept in a RUMED Light Thermostat (Rubarth Apparate
GmbH) at a photon flux density of 160 6 5 mmol m22 s21
and a 16 : 8 light : dark cycle. Culture flasks were manually
rotated twice a day at 5 and 12 h after the onset of the light
phase to reduce sedimentation of the cells.
Experimental setup and procedures—For the temperature
experiment, E. huxleyi genotypes 85, 75, 63, 62, 41, and 17
from Bergen and M23, M22, M21, M19, M13, and M10
from the Azores were grown at 8uC, 15uC, 18uC, 22uC,
26uC, 27uC, and 28uC. Bergen genotype 75 was contami-
nated with a significant bacteria fraction and therefore
excluded from the analysis. Genotypes sharing the same
isolation site are referred to as a ‘‘population.’’ Each
genotype was grown in five replicates. Prior to the start of
the experiment, genotypes were acclimated to the experi-
mental conditions for six to eight generations at 15uC and
thereafter for another six to eight generations at the target
temperature, followed by the temperature assay.
Cell densities were assessed using a Z2 Coulter Particle
Count and Size Analyzer (Beckman). Exponential growth
rates (m) were calculated for each replicate according to
m~(lnN1{lnN0)=d ð1Þ
where N0 and N1 are cell densities at the beginning and the
end of a growth interval and d is the duration of the growth
period in days. A dilute batch cycle started with an initial
inoculum of about 100,000 cells (, 320 cells mL21). To
minimize changes in carbonate chemistry due to algal
growth, cultures were transferred into the next dilute batch
cycle before cell concentrations reached 100,000 cells mL21.
A maximum DIC drawdown of 9% was calculated based
on final cell numbers and cellular carbon quotas of E.
huxleyi (Bach et al. 2011). The duration of a batch cycle
were 10 (Bergen) and 12 (Azores) d in the 8uC treatment; 5 d
in the 15uC, 27uC, and 28uC treatments; 3 d in the 22uC
treatment; and 4 d in the 18uC and 26uC treatments. E.
huxleyi genotype 17 was cultured 11 d at 27uC due to slow
growth rates.
Carbonate chemistry sampling and measurements—Be-
fore inoculation, DIC samples were taken from culture
media of each dilute batch cycle and were measured by
an infrared CO2 analyzer system (Automated Infra Red
Inorganic Carbon Analyzer, Marianda). TA was measured
from all treatments by open-cell potentiometric titration
using a Metrohm Basic Titrino 794 according to Dickson
et al. (2003). DIC and TA measurements were used to
calculate CO2 partial pressure in the ASW using the CO2
System Calculations in MS Excel software (Lewis and
Wallace 1998). Calculated PCO2 and pH (on the total scale)
were on average 45.3 6 6.1 Pa and 8.007 6 0.051,
respectively.
TMV—Growth rates of each E. huxleyi genotype were
predicted to show a thermal performance curve (TPC)
shape along the temperature gradient. We used the TMV
approach from Izem and Kingsolver (2005) to decompose
the variation of growth rates into modes of biological
Table 1. Sea surface temperatures (SST) for the Azores and Bergen.
Location
Mean monthly SST
range (uC)
Minimum monthly
SST (uC)
Maximum monthly
SST (uC) References
Azores 38u349N,
28u429W
15.6–22.3 12.6 32.9 Wisshak et al. (2010)
Bergen 60u189N,
05u159E
6.0–16.0 22 16.6 Samuelsen (1970);
Locarnini et al. (2006)
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interest. The TMV model fits a common shape z(t) for the
growth rates over all data points (Fig. 1). We evaluated the
fit of the predetermined common shape to the growth rates
by rescaling the growth rates with respect to parameter
estimates (h, m, w) for each genotype.
The first criterion was continuity, which can be described
as
zi,j~zi tj
 
zei,j; j 1, . . . ,Jf g,i 1, . . . ,If g ð2Þ
where tj is the jth temperature t, i is the number of
genotypes, and ei,j represents technical or experimental
errors. In the function (2), J is the number of the
investigated temperatures, and I is the number of the
investigated genotypes. In this study, J 5 7 and I 5 11.
Then the common shape z(t) for the TPC was generated
using the following model with three parameters:
zi~hiz
1
wi
z
1
wi
t{mið Þ
 
ð3Þ
where zi is the common template shape of the curves for all
genotypes. For each genotype i, the parameter hi is the
average growth rate, mi is the optimum temperature, and wi
is the width and describes the generalist–specialist mode of
variation. The common template shape z(t) can be fitted
using a polynomial of any degree. Since a polynomial of
higher degree generally fits the data better, we chose to use
the fourth-order polynomial, which also minimized the
sum of squared errors. For further details, see Izem and
Kingsolver (2005). Note that height hi as defined here
indicates the overall or ‘‘average’’ growth rates across all
temperatures, not just the maximum growth rates at the
optimal temperature. The maximum growth rate at the
optimal temperature for each curve was obtained by the
equation
zmax~hizz 0ð Þ 1
wi
ð4Þ
Data analyses—Parameters h, m, and w were calculated
using Matrix Laboratory (MATLAB 7. 14, The Math-
Works), and the scripts were provided by Izem and
Kingsolver (2005). Statistical analyses were performed
using R (version 2.15.2). The mean growth rate of five
replicates and temperature were used to fit the growth rate
curve and calculate h, m, and w for each genotype. A two-
way ANOVA was conducted to examine the effect of
population, temperature, and their interactions on growth
rates. A one-way ANOVA was performed to test the
statistical significance in h, m, and w between the Bergen
and the Azores populations with ‘‘population’’ as predic-
tor, and h, m, or w as response variable. A Tukey post hoc
test was used to test for the genotype differentiation within
a population when the ANOVA was significant. An F-test
was used to test for variance differences between and within
the populations. Further, a Levene test was conducted to
test for homogeneity of variances in case of significant
data, and a generalized least squares model was used to
stabilize heterogeneity if variances were inhomogeneous.
Normality was tested with a Shapiro–Wilk test.
Microsatellite genotyping—To test for neutral genetic
variation between genotypes of the same and different
origin, we used microsatellite genotyping with E. huxleyi
specific primers (Iglesias-Rodrı´guez et al. 2006). Ten
primers were tested, of which five primers—EHMS15,
EHMS37, P02B12, P02F11, and P02E09—could be applied
with reproducible results and variable alleles between
populations and genotypes. Note that all 10 genotypes
from each population were used for the microsatellite
analysis. However, only six genotypes per population were
chosen for the temperature experiment due to limited space
in the climate chambers. For deoxyribonucleic acid (DNA)
extraction, cells were filtered onto Cyclopore track-etched
polycarbonate filters (0.8 mm pore size, Whatman). The
filters were washed with 500 mL freshly sterile filtered ASW,
and the cell suspension was transferred into Eppendorf
tubes, which were centrifuged (5424 Centrifuge) for 10 min
at 2348 relative centrifugal force. The supernatant was
discarded, and the cell pellet was stored at 220uC. DNA
was extracted using an Invisorb Spin Tissue Minikit
(Invitek) according to the manufacturer’s protocol. DNA
concentration was measured with a Nanodrop spectro-
photometer (Thermo Scientific). Microsatellite loci were
amplified with the Dream Taq polymerase (Thermo
Scientific) using 1 mL forward and reverse 6-carboxyfluor-
escein (Fam)- and hexachlorofluoresceine (Hex)-labeled
primers per 10 mL reaction. The polymerase chain reaction
(PCR) conditions were 3 min denaturation at 94uC, followed
by 27 cycles of denaturation at 94uC, a primer-specific
annealing temperature (see Table 2), and an elongation at
72uC for 1 min each step and a final elongation of 10 min at
72uC. One microliter of the PCR product was used for
fragment length analysis on an Applied Biosystems 3130xL
automated sequencer. Allele sizes were called automatically
and afterward manually checked using GeneMarker version
1.85 (SoftGenetics LLC) against the size standard Rox350
(Applied Biosystems).
Genetic differentiation analysis—Allele frequencies, ob-
served (Ho) and expected (He) heterozygosity, and
deviation from the Hardy–Weinberg equilibrium (HWE)
for each locus were calculated using the software Arlequin
version 3.5 (Excoffier et al. 2005). Further, Wright’s
Fixation Index (FST) was used to assess population
structure with the software Arlequin version 3.5 (Wright
1978). FST-values can range from 0, meaning a lack of
differentiation, to 1, meaning that compared groups are
distinct. Values of 0.05 show little genetic differentiation,
0.05–0.15 moderate genetic differentiation, 0.15–0.25 large
genetic differentiation, and finally . 0.25 very large
genetic differentiation (Wright 1978). The microsatellite
data were analyzed for null alleles using the software
Microchecker version 2.2.3 (van Oosterhout et al. 2004),
with null allele frequencies tested by the method of
Brookfield (1996). To detect the structure of the ‘‘popu-
lations’’ without any a priori assumptions, the Bayesian
clustering algorithm implemented in Structure version
2.3.3 was applied to detect potential structuring among
genotypes (Pritchard et al. 2000). A genetic admixture
model was used with a burn-in period of 10,000
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reiterations and 100,000 Markov chain Monte Carlo
iterations under default settings with number of clusters
(K) varying from one to five. In order to detect the most
likely number of genetic clusters, the post hoc function
DK after Evanno et al. (2005) was used.
Results
Genetic structure—For the 10 analyzed isolates per
population, the number of alleles varied between two and
nine. A higher number of alleles among all loci were found
in the Azores population compared to the Bergen
population (Table 3). Heterozygote deficiencies were found
in two of five tested loci in the Azores population (Markov
chain method, p , 0.05). Table 3 gives Ho and He
heterozygosities for both populations at each locus. He
ranged from 0.19 to 0.92 and Ho varied between 0 and 1. In
the Azores population, Ho varied between 0.22 and 0.89
and revealed heterozygote deficiencies at two of five loci
tested. Evidence for null alleles was found in loci P02B12
and EHMS37. In the Bergen group, Ho varied between 0
and 1, and no deviation from the HWE was detected.
Pairwise comparison revealed a significant population
differentiation with an FST of 0.148 (p , 0.01). This
complies with a moderate to strong genetic differentiation
according to Wright (1978). Note that for the temperature
experiment, only six genotypes per population were used,
whereas the microsatellite analysis included four additional
genotypes per population from stock cultures maintained
at the GEOMAR Helmholtz-Centre for Ocean Research,
Kiel, Germany. The structure analysis revealed a most
likely number of genetic clusters of K 5 2; thus, two
distinct groups could be detected.
Between-population variation in growth rates—There was
a temperature- and temperature versus population interac-
tion-effect on growth rates (two-way ANOVA, F6 5 511.34
for temperature treatments, F6 5 33.10 for interaction,
both p , 0.001). Growth rates of E. huxleyi genotypes in
both populations initially increased with increasing tem-
perature, reached a maximum, and then declined with
further temperature increase (Fig. 2). The Bergen popula-
tion grew faster at 8uC (ANOVA, F1 5 25.89, p , 0.001)
and failed to grow at 28uC. The Azores population grew
slightly faster at 26uC and 27uC (ANOVA, F1 5 1.379 for
26uC treatment, F1 5 0.481 for 27uC treatment, both p .
0.05) and can still grow at 28uC.
Values of h (overall performance across all tempera-
tures) were estimated to be 20.038 to 0.031 d21 for the
Azores population and 20.083 to 0.084 d21 for the Bergen
population. There was no difference in h between the
populations (ANOVA, F1 5 0.028, p 5 0.872; Fig. 3A;
Table 4). Estimated optimum temperatures m were higher
in the Azores population with 23.4uC to 24.7uC, in
comparison to the Bergen population with 22.5uC to
23.0uC (ANOVA, F1 5 22.69, p , 0.005; Figs. 2C, 3B).
Optimum growth rates zmax were 1.539 to 1.614 d21 for
the Azores population and 1.554 to 1.763 d21 for the
Bergen population. Statistical comparison of optimum
growth rates between the Bergen and the Azores popula-
tions failed significance. This may be attributed to a lack
of sufficient statistical power to detect differences with the
Table 3. Observed (Ho) and expected (He) heterozygosities for the Azores and the Bergen population, test for Hardy–Weinberg
equilibrium, and number of alleles at each locus. Number of permutations: 10,000; number of steps in Markov chain: 1,000,000; number
of dememorization steps: 100,000. Asterisks indicate significances when p # 0.05.
Azores Bergen
Locus Ho He p Number of alleles Ho He p Number of alleles
E9 0.88889 0.83660 0.12110 7 1.00000 0.85263 0.27180 9
B12 0.44444 0.62092 0.01388* 5 0.00000 0.18947 0.05237 2
F11 0.66667 0.84314 0.06832 7 0.50000 0.39474 1.00000 2
S37 0.77778 0.92157 0.02004* 9 0.70000 0.76316 0.26366 6
S15 0.22222 0.20915 1.00000 2 0.77778 0.50327 0.17651 2
Table 2. Applied microsatellite primers for E. huxleyi (Iglesias-Rodrı´guez et al. 2006). Last column gives the optimized annealing
temperatures used for PCR amplification. EMBL, European Molecular Biology Laboratory.
Locus Primer sequence
EMBL accession
number
Sequenced repeat
motif
Annealing temperature
PCR (uC)
EHMS15 F: TCGAGGCGCGTCACACAC
R: GCGAGCGGTGGGCAATGT
AJ487304
AJ487305
(GT)27GC
(GT)9
54
EHMS37 F: TGTGAGAGTGAGCACGCA
R: TTGAGGAGGATTACGAGGTC
AJ494737
AJ494738
(GT)23 60
P02B12 F: GGTTAATCGCAGCAAAGAGC
R: CAGTCTTGATCGGGAACGA
AJ487309
AJ487311
(GT)10 58
P02F11 F: CTCGTGTGGCTATGCCTATG
R: TCCAAGAGCAAAGTGCAAAA
AJ487316
AJ487317
(GT)11 58
P02E09 F: ACTCGGACTGGACGCACA
R: GGCTGCTCTTCCCCTCTCTA
AJ494741
AJ494742
(GT)9 60
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small sample size we used (ANOVA, F1 5 4.618, p 5
0.060; Fig. 3D). Values of w were remarkably larger for
the Azores population with 1.034 to 1.109 than those for
the Bergen population with 0.997 to 1.023 (ANOVA, F1
515.41, p , 0.005; Figs. 2C, 3C). Larger m was correlated
with larger w and h but with lower zmax for all genotypes.
The TMV model explains more than 67% of the total
variation in the data. A major biological result is that the
horizontal shift mode accounts for the largest component
of variation (45%). Generalist–specialist (18%) and
vertical shift (4%) explain smaller fractions of the total
variation in the data.
Within-population variation in growth rates—The contin-
uous reaction norms of each genotype of the Azores and
Bergen populations are shown in Fig. 2A,B. All genotypes
grew at similar rates in the Bergen population between 8uC
and 18uC and in the Azores population between 8uC and
22uC. Based on the local temperatures at the Azores and
Bergen, we chose three temperatures (8uC, 22uC, and 27uC)
and computed the correlations among growth rates
between 8uC and 22uC, 22uC and 27uC, and 8uC and
27uC (Fig. 4). We found a positive trend in the correlation
among growth rates between 8uC and 22uC and a negative
trend between 22uC and 27uC for the Azores population.
For the Bergen population, we found a negative trend in
the correlation among growth rates between 8uC and 22uC
and a positive trend between 22uC and 27uC. Negative
trends in correlations among growth rates between 8uC and
27uC were found in both populations. However, all
correlations failed statistical significance. Thermal reaction
norms for growth rates showed that E. huxleyi genotypes,
which at higher temperatures had higher growth rates
compared to other genotypes of the same population,
performed worse at lower temperatures and vice versa.
There was no genotype that performed best across all
temperatures (Fig. 2A,B; Table 4).
In the TMV model, m was positively correlated with w
and h but negatively correlated with zmax in the Azores
population. These correlations among m, h, w, and zmax are
similar for all genotypes. Larger m was correlated with
lower w and h but with larger zmax in the Bergen
population. In most cases, correlations among m, h, w,
and zmax in the Bergen population showed opposite trends
for all genotypes. These results may be due to a greater
contribution of the Azores genotypes to whole genotypes in
correlations among m, h, w, and zmax or more genotypes
used in the Azores population.
The within-population variations remained low over a
range of temperatures from 15uC to 22uC and then rapidly
increased at higher temperatures (Fig. 5). Variations at
26uC, 27uC, or 28uC were significantly higher than those at
22uC (F-test, p , 0.05). Normalized standard deviations in
growth rates were higher in the Azores population at 8uC,
15uC, and 18uC compared to the Bergen population, while
we observed the opposite trend at 22uC, 26uC, and 27uC
(Fig. 5). Normalized standard deviations for growth rates
of all 11 E. huxleyi genotypes were only higher at 8uC and
28uC, while at 15uC, 18uC, 22uC, 26uC, and 27uC, they were
more or less the same as the normalized standard
deviations for growth rates of five (Bergen) or six (Azores)
genotypes. In summary, within-population variation in
growth rates increased with increasing temperatures above
22uC, while between-population variation in growth rates
was higher than within-population variation at both ends
of the temperature range tested.
Fig. 2. Thermal reaction norms for growth rates of E.
huxleyi genotypes. (A) Fitted growth rate curves of individual
genotypes from the Azores. (B) Fitted growth rate curves of
individual genotypes from Bergen. (C) Fitted growth rate curves
for the Azores and the Bergen populations. The curves in panels A
and B are fitted using function (3) based on mean growth rates of
five replicates. The curves in panel C are fitted using function (3)
based on average growth rates of six genotypes from the Azores
and five genotypes from Bergen.
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Discussion
Population structure—Microsatellite markers were used
to assess the differentiation between the Bergen and the
Azores populations. We found genetic differentiation
between these populations, which suggests limited gene
flow and potential for local adaptation (Leducq et al.
2014). Based on our microsatellite analysis, two clearly
separated genetic clusters were detected, corresponding to
the geographical origin of the genotypes. This supports the
interpretation from Iglesias-Rodrı´guez et al. (2006), who
suggested that the genetic differentiation, based on the FST
Fig. 3. Fitted parameters for growth rates of E. huxleyi genotypes from the Azores and Bergen. (A) Height parameter (h), (B)
location parameter (m), (C) width parameter (w), and (D) maximum growth rate (zmax). Lines in each panel represent the average values
of h, m, w, and zmax for the Azores and the Bergen populations. Data were calculated using functions (3) and (4) based on mean growth
rates of five replicates.
Table 4. Growth rate (m), height parameter (h), location parameter (m), width parameter (w), and maximum growth rate (zmax) of
individual E. huxleyi genotype; m is calculated using function (1); h, m, and w function (3); and zmax function (4). See text for details about
calculations of all parameters.
Temp. Azores Bergen
Parameter (uC) M23 M22 M21 M19 M13 M10 85 63 62 41 17
m (d21) 8 0.289 0.374 0.427 0.431 0.382 0.471 0.584 0.584 0.514 0.530 0.595
15 1.181 1.174 1.191 1.239 1.105 1.232 1.181 1.242 1.234 1.253 1.240
18 1.344 1.336 1.319 1.332 1.245 1.299 1.323 1.314 1.323 1.363 1.329
22 1.536 1.565 1.561 1.558 1.468 1.580 1.558 1.446 1.613 1.649 1.580
26 1.478 1.394 1.459 1.180 1.430 1.215 1.241 1.295 1.237 1.503 0.911
27 1.038 1.051 1.165 0.830 1.433 1.024 1.056 1.056 1.112 1.291 0.322
28 0.829 0.979 0.968 0.729 1.174 0.822 0 0 0 0 0
h (d21) 20.005 0.004 0.031 20.038 0.029 20.010 20.008 20.015 0.009 0.084 20.083
m (uC) 23.78 23.91 23.95 23.43 24.73 23.62 22.90 22.93 22.95 23.03 22.51
w 1.034 1.057 1.063 1.044 1.109 1.058 1.017 1.019 1.004 0.997 1.023
zmax (d21) 1.614 1.588 1.606 1.566 1.539 1.573 1.639 1.628 1.677 1.763 1.554
1576 Zhang et al.
they found, may indicate selection of different genotypes
due to different environmental conditions and restricted
gene flow across biogeographic provinces through barriers
caused by current systems. Cook et al. (2013) also found
significant genetic differentiation among E. huxleyi popu-
lations from seven sites south off Australia. These findings
fit well to the results from a recent E. huxleyi genome study
that reported large genomic differences between genotypes
from different ocean regions (Read et al. 2013) and support
the presence of biogeographic structuring in marine
phytoplankton.
Between-population variation—Thermal reaction norms
are a useful tool to describe the thermal adaptation of
organisms (Conte et al. 1998). Here we applied the TMV
model to investigate thermal reaction norms in E. huxleyi
over the entire naturally encountered temperature range.
Note that the TMV approach enables us to compare
difference in the parameters h, m, and w between
populations. However, these parameters do not necessarily
represent the real growth rates, optimum temperatures for
growth, or temperature niche widths of the genotypes. In
this study, we chose to use the TMV model with the fourth-
order polynomial degree (Fig. 2). This function has two
vertex points that do not reflect any biological response.
Rather, it is considered a statistical tool to investigate the
continuous thermal reaction norms.
The TMV analysis revealed a significantly higher
optimum growth temperature for the Azores than for the
Bergen populations (Fig. 2), which is in agreement with the
respective temperature regime at the geographical origin of
each population. These results are in line with findings
from this and other phytoplankton species that thrive in
habitats characterized by distinct thermal regimes (Conte et
al. 1998; Kremp et al. 2012; Flombaum et al. 2013).
Interestingly, the TMV analysis suggested a broader
temperature niche for the Azores population (Fig. 3C)
despite their occurrence in a narrower mean monthly SST
Fig. 4. Correlations among growth rates between 8uC and 22uC, 22uC and 27uC, and 8uC and 27uC. Solid lines were fitted linearly
based on growth rates of six genotypes from the Azores and five genotypes from Bergen; m8, m22, and m27 are the growth rates of each
genotype at 8uC, 22uC, and 27uC, respectively.
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range in lower-latitude waters (Table 1). This result may
indicate that temperature niche width cannot be easily
predicted based on the geographic origin of a phytoplank-
ton population. The Bergen genotypes failed to grow at
28uC, while we were not able to investigate the lower
extreme temperatures. Growth rate differences at 8uC
suggest that the Bergen population will probably have a
lower minimum growth temperature than the Azores
population. Consequently, we may have underestimated
the niche width of the Bergen population.
Optimum temperatures for growth are commonly
reported to be considerably higher than annual mean
temperatures at their origin for isolates from polar and
temperate waters. By contrast, isolates from tropical water
are usually closer to the annual mean temperatures found
at the sites where they were isolated (Thomas et al. 2012).
This pattern also applies to the Bergen genotypes, which
displayed considerably higher optimum growth tempera-
tures than the maximum SST at their sampling location.
The temperature for maximal growth rates of E. huxleyi
cultures commonly found under laboratory conditions is
considerably higher than the temperatures at which those
populations usually predominate in the field (Conte et al.
1998; Buitenhuis et al. 2008). This discrepancy may be
explained by the artificial laboratory environment, which
differs from the much more complex and variable natural
environment. Growth rates were measured during the
exponential growth period of individual genotypes, which
were cultured under nutrient-replete conditions in our
study. Optimal growth of E. huxleyi populations in
Norwegian fjords typically occurs during May–July (Fer-
na´ndez et al. 1996). At this time, surface water tempera-
tures range from about 8uC to 14uC (Locarnini et al. 2006),
and growth is most likely controlled primarily by optimal
nutrient and light availability (Ferna´ndez et al. 1996).
Within-population variation—In the present study, we
applied continuous thermal reaction norms (Fig. 2A,B) to
investigate plasticity and G 3 E interactions among clonal
isolates from each population (Gsell et al. 2012). G 3 E
interactions were identified by different slopes in the
thermal reaction norms of individual genotypes within
both populations (Fig. 2A,B). Variation in growth rates
was most pronounced in the physiologically more demand-
ing temperature ranges. The presence of ample phenotypic
variability among isolates from natural populations has
also been reported for other phytoplankton species (Kremp
et al. 2012; Schaum et al. 2012) and fits well to the high-
standing genetic variation commonly found in marine
phytoplankton populations (Medlin et al. 2000; Rynearson
and Armbrust 2004; Iglesias-Rodrı´guez et al. 2006). High
genetic variation within populations suggests that rapid
evolutionary adaptation by genotypic selection may have
the potential to mitigate detrimental effects of global
change (Lohbeck et al. 2012; Reusch 2014).
Reaction norms can be used to identify trade-offs in
particular traits. For example, genotypes that show high
growth rates in one treatment may grow worse in the other
treatment (Agrawal et al. 2010). Trade-offs in fitness
relevant traits are potentially important in maintaining
genetic diversity within populations. For example, Gsell et
al. (2012) compared reaction norms of different genotypes
of the diatom Asterionella formosa from two different
habitats and did not find a genotype that performed best at
all temperatures. In order to test for trade-offs, we
performed a correlation analysis using growth rates at
Fig. 5. Within-population variation in growth rates compared with between-population variation in growth rates. Data are
calculated based on growth rates of six genotypes in the Azores population and five genotypes in the Bergen population and 11 genotypes
in both populations. Normalized standard deviation is calculated as the ratio of the standard deviation to absolute growth rates.
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8uC, 22uC, and 27uC (Fig. 4). However, we were not able
to detect any statistical significant correlations, probably
because the sample size we used was too small to gain
sufficient statistical test power.
Brand (1982) observed differences in growth rates when he
exposedE. huxleyi isolates from different parts of the ocean to
different temperatures already more than 30 yr ago. However,
the importance of standing genetic variation in natural
phytoplankton populations to cope with rapid environmental
changes is only slowly being recognized (Kremp et al. 2012;
Schaum et al. 2012; Reusch and Boyd 2013).
In this study, we have demonstrated neutral genetic and
phenotypic variability within and between two E. huxleyi
populations from the cool North Atlantic waters off Bergen
and the warm central Atlantic waters at the Azores. Our
findings provide supporting evidence that biogeographic
structuring and local adaptation are common in popula-
tions of the widely distributed coccolithophore E. huxleyi.
Variations in thermal reaction norms of different genotypes
emphasize the difficulty in predicting ecological dynamics
in future ocean scenarios from studying a single contem-
porary genotype (Kremp et al. 2012; Schaum et al. 2012;
Boyd et al. 2013). Future research should therefore use
multiple genotypes from various locations and also
strengthen the focus on community-level experiments.
High-standing genetic variation in natural E. huxleyi
populations will likely be important for these populations
to adapt to a rapidly changing ocean (Lohbeck et al. 2012;
Reusch and Boyd 2013).
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